
SPECIFICATION 



GDP-4-keto-6-deoxy-D-mannose-3, 5-epimerase-4-reductase gene 
derived from Arabidopsis tha liana 

TECHNICAL FIELD 

The present invention relates to a gene of an enzyme involving in the synthesis of 
GDP-L-fucose. In particular, the present invention relates to a 

GDP-4-keto-6-deoxy-D-mannose-3, 5-epimerase-4-reductase gene derived from Arabidopsis 
thaliana, and a process for producing GDP-L-fucose using this gene. 

BACKGROUND ART 

The sugar chain of glycoprotein or the like is known to play a very important role in 
vivo. Thus, sugar chain engineering, by which the sugar chain structure is intendedly altered, 
is now an essential technical field. Current techniques for altering sugar chains include, for 
example, a chemical technique which binds chemically-synthesized target sugar chains to a 
protein; a biological technique which alters genes for the synthesis of a sugar-chain within a 
cell by a genetic engineering technique, or produces glycoprotein by altering a host which 
produces glycoprotein; and a method of sugar-chain synthesis which uses sugar-chain 
synthetic enzymes. 

Progress in the chemical technique is now opening up a way for mass synthesis, 
however, it is not yet able to easily provide all the types of sugar chains owing to the 
complexity of sugar chains. On the other hand, thanks to the development of genetic 
engineering, in the biological technique, control of the expression of genes involving in 
sugar-chain synthesis is now available, enabling alteration of sugar chains. However, 
uniform synthesis of all the types of sugar chains is currently difficult, and usually a mixture 
of different types of sugar chains exists within the product. 

In contrast to these techniques, in vitro sugar-chain synthesis using sugar-chain 
synthetic enzymes is very useful in the synthesis of sugar-chains with a uniform structure. 
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In particular, the combination of such a technique and the biological technique enables mass 
production of uniform sugar chains. 

However, while in vitro sugar-chain synthesis requires the use of sugar nucleotides 
as sugar donors for glycosyltransferase, the prohibitively high cost of producing sugar 
nucleotides makes it difficult to apply the method to mass production. That is, sugar 
nucleotides are present in a very small amount in vivo, and are very reactive, unstable 
substance which are linked by a high-energy bond. Therefore, only a small amount of sugar 
nucleotides is produced in each organism, and mass production thereof is difficult. 

In recent years, a production system using bacteria has enabled a more practical mass 
production system of relatively many types of sugar nucleotides, and has enabled a more 
stable supply of sugar nucleotides. However, a production system with a relatively long 
reaction process results in low yield, since the system comprises the steps of mixing two types 
of microorganisms and performing the production using disrupted cells in order to introduce a 
material contained in cells into other cells. Thus, development of a new technique is being 
sought. 

Among sugar nucleotides, GDP-L-fucose is essential as a sugar donor of fucosyl- 
transferase for synthesis of sugar chains containing fucose. Sugar chains with the fucose 
moiety added thereto often play a functionally important role, and therefore providing the 
sugar donor in large quantities at low cost has been awaited. It has been reported that the 
GDP-L-fucose is synthesized through 3 reaction steps from GDP-D-mannose, and these 3 
reaction steps are catalyzed by two types of enzymes (Fig. 1) (Tonetti et al., J. Biol. Chem., 
Vol. 271, 27274 (1996)). These enzymes are generally distributed among any organism 
utilizing fucose, including prokaryotes, such as Escherichia coli, and also eukaryotes, such as 
higher mammals, for example humans. However, these organisms consume the synthesized 
GDP-L-fucose, so that GDP-L-fucose does not accumulate within their cells. Accordingly, 
isolation of GDP-L-fucose from a living organism results in a very small amount of 
GDP-L-fucose at a high cost. Moreover, synthesis of GDP-L-fucose also requires a long 
process. Under such present circumstances, it is difficult to supply a sufficient amount of 
GDP-L-fucose using the above bacterial system. 
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Two types of the enzymes which catalyze the 3 reaction steps are GDP-D-mannose-4, 
6-dehydratase, which catalyzes the first reaction step to convert from GDP-D-mannose to 
GDP-4-keto-6-deoxy-D-mannose by dehydration reaction; and 

GDP-4-keto-6-deoxy-D-mannose-3, 5-epimerase-4-reductase which catalyses the subsequent 
two reaction steps, epimerization and reduction. For the plant Arabidopsis (Arabidopsis 
thaliana), MUR1 has already been isolated as a gene for GDP-D-mannose-4, 6-dehydratase 
which catalyzes the first reaction (Bonin et al., Proc. Natl. Acad. Sci. USA, Vol. 94, 2085 
(1997)). 

However, isolation of a gene for GDP-4-keto-6-deoxy-D-mannose-3, 
5-epimerase-4-reductase which catalyzes the subsequent reactions has not been reported. 
Only a sequence having a high homology with that of the genes for 
GDP-4-keto-6-deoxy-D-mannose-3, 5-epimerase-4-reductase from another biological species 
has been submitted to a gene database. 

SUMMARY OF THE INVENTION 

The present invention is intended to provide a GDP-4-keto-6-deoxy-D-mannose-3, 
5-epimerase-4-reductase gene for efficiently synthesizing GDP-L-fucose. 

As a result of thorough studies to solve the above problems, we have isolated a gene 
(AtFX gene) which encodes GDP-4-keto-6-deoxy-D-mannose-3, 5-epimerase-4-reductase 
derived from Arabidopsis (Arabidopsis thaliana) which catalyzes the latter two reaction steps 
in the synthesis of GDP-L-fucose from GDP-D-mannose and determined the nucleotide 
sequence of the gene, and thereby we have reached the present invention by finding that 
GDP-L-fucose can be efficiently synthesized in vivo and in vitro by co-expression of the gene 
and MUR1 gene which catalyzes the first reaction in the synthesis of GDP-L-fucose in 
Arabidopsis. 

Specifically, the present invention provides the protein of the following (a) or (b): 

(a) a protein comprising an amino acid sequence represented by SEQ ID NO: 1 ; 

(b) a protein comprising an amino acid sequence derived from the amino acid sequence of 
SEQ ID NO: 1 by deletion, substitution, addition or insertion of one or several amino 
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acid residues, and having GDP-4-keto-6-deoxy-D-mannose-3, 5-epimerase-4-reductase 
activity. 

Further, the present invention provides DNA encoding the protein of the following 
(a) or (b): 

(a) a protein comprising an amino acid sequence represented by SEQ ID NO: 1 ; 

(b) a protein comprising an amino acid sequence derived from the amino acid sequence of 
SEQ ID NO: 1 by deletion, substitution, addition or insertion of one or several amino 
acid residues, and having GDP-4-keto-6-deoxy-D-mannose-3, 5-epimerase-4-reductase 
activity. 

The DNA preferably comprises a nucleotide sequence represented by SEQ ID NO: 2. 
The present invention further provides an expression vector which comprises the 

DNA. 

The present invention further provides a transformant which is transformed with the 
expression vector. An example of such a transformant is yeast strain W303/pYO-AtFX-Myc 
(FERM BP-7109). Furthermore, the present invention provides a process for producing 
GDP-4-keto-6-deoxy-D-mannose-3, 5-epimerase-4-reductase, which comprises culturing the 
transformant according to the invention in a medium, and collecting 
GDP-4-keto-6-deoxy-D-mannose-3, 5-epimerase-4-reductase from the obtained culture. 

The present invention further provides a transformant which is transformed with the 
expression vector and an expression vector containing DNA encoding GDP-D-mannose-4, 
6-dehydratase. An example of such a transformant is yeast strain W303/YEp-MURl-HA, 
pYO-AtFx-Myc (FERM BP-7108). Furthermore, the present invention provides a process 
for converting GDP-D-mannose into GDP-L-fucose using the transformant according to the 
invention, and a process for producing GDP-L-fucose which comprises culturing the 
transformant according to the invention together with GDP-D-mannose in a medium, and 
collecting GDP-L-fucose from the obtained culture. 

This specification includes part or all of the contents as disclosed in the specification 
and/or drawings of Japanese Patent Application No. 11-329045, of which the present 
application claims the priority. 
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EXPLANATION OF SEQUENCE LISTING 
SEQ ID NOS: 3 to 6: primer 

BRIEF DESCRIPTION OF DRAWINGS 

Figure 1 shows an enzyme reaction process from GDP-D-mannose to GDP-L-fucose. 

Figure 2 is a photograph of electrophoresis by western blotting showing expression 
ofMURl and AtFX proteins. 

Figure 3 is a chromatogram by HPLC showing results of measurement of 
GDP-L-fucose synthetic activity. 

BEST MODE FOR CARRYING OUT THE INVENTION 

The present invention will now be described in detail. 

In the present specification, abbreviated notations of amino acid sequences and 
nucleotide sequences are indicated with codes following the regulation of IUPAC-IUB and 
common names or usage in the technical field. 

1 . Isolation of a gene for GDP-4-keto-6-deoxy-D-mannose-3, 5-epirnerase-4-reductase 

The gene for GDP-4-keto-6-deoxy-D-mannose~3, 5-epimerase-4-reductase according 
to the present invention can be isolated by the PCR method using a cDNA library prepared 
from Arabidopsis (Arabidopsis ihaliand) as a template according to standard techniques. 

The cDNA library of Arabidopsis thaliana can be produced according to methods 
known by persons skilled in the art using generally employed plasmid vectors, X 
phage-derived vectors or the like. Further, a commercially available cDNA library derived 
from Arabidopsis thaliana may also be used. 

The PCR method is a technique by which a certain region of DNA can be 
specifically amplified in vitro 10- to a million-fold within about 2 to 3 hours using a 
combination of the sense primer and the antisense primer, a thermostable DNA polymerase, a 
DNA amplification system and the like. The DNA according to the present invention can be 
amplified by the PCR method using appropriate primers. 
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Primers that can be used in the above PCR can be designed based on, for example, 
nucleotide sequence homology with other types of enzyme genes. Nucleotide sequences of 
other types of enzyme genes that can be used herein are those submitted to a known DNA 
sequence database, such as GenBank, that persons skilled in the art can easily search. 
Examples of such nucleotide sequences include those submitted to GenBank with accession 
Nos. U38473, U58766, and AF045286. When designing a primer, a sequence of, for 
example, a restriction enzyme site, may be contained in the nucleotide sequence of the primer, 
after considering genetic manipulation to be performed after PCR amplification. 

An example of primers which are designed as described above includes those 
comprising the following nucleotide sequences. 
Forward primer: 

5VAT TGGTACC ATGTCTGACAAATCTGCCAAAATCTTCGTC-3' 
(SEQ ID NO: 3) 
Reverse primer: 

5 t -TTAGTCGA CGATATCT CGGTTGCAAACATTCTTCAAATACCAATCATAAG'3 , 
(SEQ ID NO: 4) 

The underlined portion in the nucleotide sequence of the forward primer denotes 
Kpnl site, and that in the nucleotide sequence of the reverse primer denotes EcoRV site. The 
DNA according to the present invention can be amplified well by PCR using these primers. 

In addition to a cDNA library to be used as a template and primers, the PCR solution 
to perform PCR should be supplemented with thermostable DNA polymerase, dNTPs mixture 
and the like. Such a PCR solution can be appropriately prepared by persons skilled in the art. 
For example, a PCR solution may be prepared to have the composition shown in the 
following Table 1 . 

Table 1 
Composition of PCR solution 

10 x LA PCR Buffer II (Mg 2+ plus) 5 jul 
dNTPs Mixture (2.5 mM each) 8 

Forward primer (20pmol/ /x 1) 1 ix 1 

Reverse primer (20pmol/ \x 1) 1 ix 1 
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cDNA library (1 


ng/ju 1) 


1 


Ml 


TaKaRa LA Taq 


(5 U//zI) 


0.5 


Ml 


Water 




33.5 


Ml 




Total 


50.0 





The PCR conditions may be appropriately determined by persons skilled in the art 
according to the nucleotide sequences of primers to be used or the like. For example, PCR 
reaction may be performed by 30 cycles of a reaction cycle consisting of denaturation at 94°C 
for 15 sec, annealing at 50°C for 30 sec, and elongation at 68°C for 2 min. Such a reaction 
can be easily performed using a commercially available thermal cycler or the like. 

DNA amplified by the above PCR can be cloned into an appropriate plasmid. Any 
plasmid can be used to incorporate DNA, so far as it can be replicated and maintained in a 
host. For example, pBR322, pUC19 or the like derived from Escherichia coli can be used. 

Further, cloning of amplified DNA can also be performed using a commercially 
available kit. An example of such a kit is TA cloning kit (Invitrogen). When a 
commercially available kit is used, plasmids contained in the kit can be used. 

Examples of a method for incorporating a plasmid containing the DNA according to 
the present invention into a host, such as Escherichia coli include a method described by T. 
Maniatis et al. [Molecular Cloning, Cold Spring Harbor Laboratory, 1st Edition, p. 250 
(1982)], a method described by F. M. Ausubel et al., [Short Protocols in Molecular Biology, 
4th Edition, 1-27 (1999)] and the like. 

The nucleotide sequence of the DNA according to the present invention can be 
determined by a known method, such as a dideoxy method, using the plasmids obtained as 
described above. Such sequencing can be performed using a commercially available kit. 
An example of such a kit is a Sequence Kit (PE Biosystems). Once determined the 
nucleotide sequence of the DNA according to the present invention, an deduced amino acid 
sequence of the protein according to the present invention can be obtained. 

The protein according to the present invention comprises an amino acid sequence 
represented by SEQ ID NO: 1. The protein has GDP-4-keto-6-deoxy-D-mannose-3, 
5-epimerase-4-reductase activity. Moreover, the amino acid sequence of the protein 



according to the present invention is not limited to the sequence of SEQ ID NO: 1. The 
protein may also comprise an amino acid sequence derived from that of SEQ ID NO: 1 by 
substitution, deletion, addition or insertion of one or several amino acid residues, so far as the 
protein maintains GDP-4-keto-6-deoxy-D-mannose-3, 5-epimerase-4-reductase activity. 

The DNA according to the present invention comprises a nucleotide sequence 
encoding an amino acid sequence of the protein according to the present invention as 
described above. Many nucleotide sequences can be contemplated as such a nucleotide 
sequence, because multiple coding sequences can exit for one amino acid. An example is a 
nucleotide sequence represented by SEQ ID NO: 2. The DNA according to the present 
invention which comprises a nucleotide sequence other than the nucleotide sequence of SEQ 
ID NO: 2 can be easily prepared by persons skilled in the art, forexample by a site-directed 
mutagenesis (Zoller et al, Nucleic Acids Res., Vol. 10, No. 20, 6487-6500 (1982)), a chemical 
synthesis method, 

2. Construction of an expression vector for expressing the DNA according to the 

present invention 

An expression vector can be constructed by ligating the cloned DNA according to the 
present invention downstream of a promoter within a vector appropriate for expression of the 
DNA. Examples of a vector include plasmids derived from yeast, such as YEp352GAP, 
YEp51, pSH19, and pY0325, and the like. 

The DNA to be used for incorporation into an expression vector is the DNA 
according to the present invention, and having the translation initiation codon, ATG, at its 5' 
end and the termination codon, TAA, TGA or TAG at its 3' end. Further, for example, a 
gene for labeled antigen, which is a part of hemagglutinin protein, or the gene for a labeled 
protein, such as GST protein, may be bound at the 5' or 3' end for expression. 

To express the gene, a promoter is preferably ligated upstream of the gene. Any 
promoter can be used according to the present invention, so far as it is an appropriate 
promoter compatible to a host to be used for gene expression. When a host to be 
transformed is yeast, examples of a promoter include, for example EN01 promoter, GAL10 



1. 0 O EC '9 0 1, **• - O 3 E! B O 2 



9- 



promoter, GAPDH promoter and ADH promoter. 

A terminator may be ligated downstream of the gene to terminate transcription of the 
gene. Any terminator can be used according to the present invention, so far as it is an 
appropriate terminator corresponding to a host to be used for gene expression. When a host 
to be transformed is yeast, examples of a terminator include, for example EN01 terminator, 
GAL 10 terminator, GAPDH terminator and ADH terminator. 

Incorporation of the DNA according to the present invention, a promoter, a 
terminator and the like into an expression vector can be appropriately performed by persons 
skilled in the art. 

3. Preparation of a transformant containing the expression vector according to the 

present invention. 

A transformant which expresses the protein according to the present invention can be 
prepared by introducing into an appropriate host the expression vector according to the 
present invention which is constructed as described in the above "2. Construction of an 
expression vector for expressing the DNA according to the present invention." 

Any host can be used, so far as it does not consume GDP-L fucose in vivo. Such a 
host is not specifically limited, and preferably, yeast is used. Examples of yeast include 
budding yeast {Saccharomyces cerevisiae) and other yeast {Pichia pastoris and the like). 
When yeast extracts are used for producing GDP-L-fucose, that is when GDP-L-fucose is 
produced in vitro, any host can be used, so far as it enables expression of the protein 
according to the present invention within the cytoplasm. 

The above transformant can be produced by a method generally employed for each 
host. For example, when a host is yeast, the expression vector according to the present 
invention is introduced by a lithium method, electroporation method or the like. 

The obtained transformant is, for example, strain W303/pYO-AtFX-Myc (FERM 
BP-7109). 

To produce GDP-L-fucose by culturing the transformants, hosts are required to be 
previously transformed with expression vectors expressing GDP-D-mannose-4, 6-dehydratase, 
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or to inherently express GDP-D-mannose-4, 6-dehydratase. As a gene for 
GDP-D-mannose-4, 6-dehydratase, preferably, MUR1 gene derived from Arabidopsis 
thaliana is used. 

An expression vector expressing GDP-D-mannose-4, 6-dehydratase can be 
constructed according to the above method described for an expression vector expressing the 
protein according to the present invention. However, primers to be used in PGR for cloning 
DNA encoding GDP-D-mannose-4, 6-dehydratase should be designed by, for example, 
comparing among the nucleotide sequences of known GDP-D-mannose-4, 6-dehydratase 
genes. For example, primers having the following nucleotide sequences can be used. 
Forward primer: 

5^GTCGAATTCATGGCGTCAGAGAACAAC-3' (SEQ ID NO: 5) 
Reverse primer: 

5'-GAACTCGAGAGGTTGCTGCTTAGCATC-3' (SEQ ID NO: 6) 

An example of the above described transformant with the expression vector 
expressing GDP-D-mannose-4, 6-dehydratase introduced therein is strain 
W303/YEp-MURl-HA (FERM BP-7107). Further, examples of transformants with the 
expression vector according to the present invention introduced therein include strain 
W303/YEp-MURl-HA, pYO-AtFX-Myc (FERM BP-7108). 

The above mentioned strain W303/pYO-AtFX-Myc, strain W303/YE P -MUR1-HA, 

and strain W303/YEp-MURl-HA, P YO-AtFX-Myc have been deposited with accession Nos. 

FERM BP-7109, FERM BP-7107, and FERM BP-7108, respectively, at the International 

Patent Organism Depositary, National Institute of Advanced Industrial Science and 

Technology (Chuo-6, 1-1-1, Higashi, Tsukuba-shi, Ibaraki, JAPAN). 

4. Production of the protein according to the present invention by culturing the 

transformant according to the present invention 

The transformant according to the present invention, that is, a transformant with the 
expression vector according to the present invention introduced therein (for example, stain 
W303/pYO-AtFX-Myc), or a transformant with both the former expression vector and an 
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expression vector expressing GDP-D-mannose-4, 6-dehydratase introduced therein, is 
cultured in an appropriate medium, so that the protein according to the present invention, that 
is, GDP-4-keto-6-deoxy-D-mannose-3, 5-epimerase-4-reductase can be isolated from the 
culture. 

The transformant according to the present invention can be cultured in a medium by 
a standard method used for culturing hosts. As media for culturing transformants obtained 
using microorganisms such as Escherichia coli and yeast as hosts, either natural or synthetic 
media can be used, so far as these media contain sources utilized by microorganisms, such as 
a carbon source, a nitrogen source, and inorganic salts, and enable efficient culturing of the 
transformants. 

Examples of carbon sources used herein include carbohydrates such as glucose, 
fructose, sucrose and starch, organic acids such as acetic acid and propionic acid, and alcohols 
such as ethanol and propanol. 

Examples of nitrogen sources used herein include inorganic acids, such as ammonia, 
ammonium chloride, ammonium sulfate, ammonium acetate and ammonium phosphate, or 
ammonium salts of organic acids; other nitrogen-containing compounds; peptone; broth; and 
corn steep liquor. 

Examples of inorganic salts used herein include potassium primary phosphate, 
potassium secondary phosphate, magnesium phosphate, magnesium sulfate, sodium chloride, 
ferrous sulfate, manganese sulfate, copper sulfate, and calcium carbonate. 

In particular, examples of a medium for culturing yeast include an YPD medium and 
SD medium. 

Transformants obtained using microorganisms as hosts are cultured preferably at 
25°C to 37°C for 12 hours to 5 days. If necessary, culturing can be performed with aeration, 
agitation or the like. The pH is not specifically limited, so far as it is in a normally 
employed range. The pH is kept within a range preferably from 5.0 to 7.5, and more 
preferably kept at approximately 7.5. The pH is adjusted using inorganic or organic acids, 
alkaline solutions, or the like. If necessary, antibiotics such as ampicillin or tetracycline may 
be added to the media while culturing. To culture microorganisms transformed with 
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expression vectors having an inducible promoter as a promoter, inducers may be added to 
media if necessary. 

The media used for culturing transformants obtained using animal cells as hosts 
include generally used RPMI1640 media, DMEM media, or these media supplemented with 
fetal calf serum or the like. As media for culturing transformants obtained using plant cells 
as hosts, generally employed Murashige and Skoog (MS) media are used. 

Transformants obtained using animal cells as* hosts are cultured, normally, in the 
presence of 5% CO2, at approximately 37°C for 1 to 2 days. If necessary, antibiotics, such 
as kanamycin and penicillin, may be added to the media while culturing. 

After culturing, the protein according to the present invention is collected from the 
culture. When the enzyme is produced within the microorganism or intracellularly, the 
enzyme can be collected by, for example, disrupting the microorganism or the cell. When 
the enzyme is produced outside the microorganism or extracellularly, the culture medium is 
used intact to collect the enzyme, or after the microorganism or the cell is removed by 
centrifugation or the like, the enzyme can be collected. The enzyme can be collected by one 
or a combination of standard biochemical methods used for isolation and purification of 
protein, such as ammonium sulfate precipitation, affinity chromatography, ion exchange 
chromatography and the like. 

Whether the protein obtained as described above is the protein according to the 
present invention can be confirmed by a standard enzymological reaction, electrophoresis 
such as SDS polyacrylamide gel electrophoresis, immunological methods such as 
antigen-antibody reaction, or the like. 

5. Production of GDP-L-fucose 

GDP-L-fucose can be produced by culturing the transformant according to the 
present invention or by enzyme reaction using enzyme sources necessary for production of 
GDP-L-fucose. 

(1) Production of GDP-L fucose by culturing the transformant according to the present 
invention 
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A transformant (for example, strain W303AnEp-MURl-HA, pYO-AtFX-Myc) 
containing both the expression vector according to the present invention and an expression 
vector which expresses GDP-D-mannose-4, 6-dehydratase introduced therein is cultured with 
GDP-D-mannose in an appropriate medium, and then GDP-L-fucose can be isolated and 
purified from the obtained culture. 

Conditions for culturing transformants, such as media, temperature, culturing period, 
pH and others, are as described in the above "4. Production of the protein according to the 
present invention by culturing the transformant according to the present invention." If 
necessary, a cofactor, such as NADPH, may be added to a medium. 

GDP-L-fucose can be extracted from the above culture by separating host cells from 
a medium by centrifugation, disrupting the host cells, followed by another centrifugation. 
When a host is yeast, for example, cells are disrupted by glass beads and then subjected to 
centrifugation, so that a supernatant fraction containing GDP-L fucose can be obtained. 

GDP-L fucose can be easily isolated and purified from the above supernatant fraction 
by persons skilled in the art. For example, isolation and purification of GDP-L fucose can 
be performed by collecting fractions with low molecular weight by a gel filtration technique, 
and then separating by HPLC. Gel for gel filtration, column size, column eluant, HPLC 
column and eluant, and the like that are used herein can be appropriately selected by persons 
skilled in the art. 

(2) Production of GDP-L-fucose by enzyme reaction using enzyme sources 

GDP-L-fucose can be produced by enzyme reaction using enzyme sources 
containing necessary enzymes for the production. 

When GDP-D-mannose is used as a substrate of an enzyme reaction, required 
enzymes are GDP-D-mannose-4, 6-dehydratase and GDP-4-keto-6-deoxy-D-mannose-3, 
5-epimerase-4-reductase (the protein according to the present invention). These enzymes 
may be used herein by culturing in media different transformants which express the two 
enzymes respectively (for example, strain W303/YEp-MURl-HA and strain 
W303/pYO-AtFX-Myc) to separately express the enzymes, and then mixing the enzymes. 
Preferably, however, a transformant (for example, strain W303/YEp-MURl-HA, 
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pYO-AtFX-Myc) which expresses both these enzymes is cultured in media for expression. 
These enzymes can be isolated from the culture of transformants according to a method 
described in the above "4. Production of the protein according to the present invention by 
culturing the transforrnant according to the present invention." Further, the enzyme source 
used for the above enzyme reaction is not required to be a purified enzyme, and it may be a 
crude extract, such as the cell extract of the transforrnant described above. 

Enzyme reaction can be performed under appropriate conditions using a reaction 
solution prepared to contain the above enzyme source and GDP-D-mannose to be used as a 
substrate. The reaction solution may be supplemented with a cofactor, such as NADPH, if 
necessary. Reaction conditions are not specifically limited, as the conditions can be 
appropriately determined by persons skilled in the art. The temperature preferably ranges 
from 30°C to 37°C, and more preferably is approximately 37°C. The pH preferably ranges 
from 6.0 to 8.0, and is more preferably about 7.5. To maintain pH within a desired range, a 
buffer, such as Tris-HCl, can be used. 

GDP-L-fucose can be easily isolated from an enzyme reaction solution by persons 
skilled in the art. For example, the protein in an enzyme reaction solution is thermally 
denatured, followed by centrifugation and removal with a membrane filter or the like, and 
then the GDP-L-fucose is isolated and purified by HPLC. 

The GDP-L-fucose is essential as a sugar donor when fucose-containing sugar chains 
are synthesized. That is, the GDP-L-fucose is useful upon addition of fucose to sugar chains 
that are thought to be functionally important. 

The present invention will be described more specifically below using examples. 
However, these examples are given only for explanation, and are not intended to limit the 
technical scope of the present invention. 

Example 1 

Isolation and sequencing of AtFX gene 

Using the cDNA library of Arabidopsis {Arabidopsis thaliana), AtFX gene was 
cloned by the PGR method. QUICK-Clone cDNA (CLONTECH) was used as the cDNA 
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library. 

Primers were designed based on the nucleotide sequences submitted to a database 
(DB name: GenBank; Accession Nos: U38473, U58766 and AF045286). At this time, 
primers were designed to previously contain Kpnl site on the N-terminal portion, and EcoRv 
site on the C-terminal portion, so that the portion encoding a protein could be easily cleaved 
by a restriction enzyme, and a gene for labeled antigen or the like could be easily inserted. 
The nucleotide sequences of the respective primers are as shown below. 
Forward primer: 

5 -AT TGGTACC ATGTCTGACAAATCTGCCAAAATCTTCGTC-3' 
(SEQ ID NO: 3) 
Reverse primer: 

S'-TTAGTCGAC GATATC TCGGTTGCAAACATTCTTCAAATACCAATCATAAG^' 
(SEQ ID NO: 4) 

Here the underlined portion in the nucleotide sequence of the forward primer denotes 
Kpnl site, and that in the nucleotide sequence of the reverse primer denotes EcoRV site. The 
thus designed primers were synthesized by a standard technique. 

PCR was performed using the above QUICK-Clone cDNA (CLONTECH) as a 
template with the above primers. The composition of the PCR solution is as shown in Table 
2 below. 



Table 2 
Composition of PCR solution 



10XLA PCR Buffer II (Mg 2+ plus) 


5 


Ml 


dNTP Mixture (2.5 mM each) 


8 


Ml 


Forward primer (20pmol/ (x 1) 


1 


Ml 


Reverse primer (20pmol/ n 1) 


1 


Ml 


cDNA library (1 ng/jzl) 


1 


Ml 


TaKaRa LA Taq (5 U/ n 1) 


0.5 


Ml 


Water 


33.5 


Ml 


Total 


50.0 


Ml 



PCR was performed by reaction for 30 cycles consisting of the temperature condition 
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of 94 °C for 15 sec (denaturation), 50°C for 30 sec (annealing) and 68 °C for 2 min 
(elongation). 

The DNA amplification fragment of about 1 kbp obtained by PCR was separated by 
agarose electrophoresis, and then inserted into pCR2.1 vector using TA cloning kit 
(Invitrogen). The nucleotide sequence of the cloned DNA was determined by a Sequence 
Kit (PE Biosystems) using a dideoxy method. The nucleotide sequence and the amino acid 
sequence encoded by the nucleotide sequence are represented by SEQ ID NO:2 and SEQ ID 
NO:l, respectively. 

Example 2 

Production of AtFX gene expression vector and MUR1 gene expression vector, and 
production of yeast transformant containing these plasmids 

3xMyc gene (Evan et al., Mol. Cell Biol., Vol.5, 3610 (1985)) encoding a labeled 
antigen was inserted into EcoRV site in AtFX gene that had been inserted in pCR2.1 vector, 
in-frame with AtFX gene. AtFX gene containing the Myc gene was cleaved out with 
KpnI-XhoI. The fragment was inserted into KpnI-Sall site in expression vector 
YEp352GAP-II which had been prepared by replacing the multicloning site of yeast 
expression vector YEp352GAP (Roy et al., J. Biol. Chem., Vol. 273, 2583 (1998)) with the 
EcoRI to Sail portion of the multicloning site of pUC18. Further, a fragment comprising 
three portions: GAPDH promoter, AtFX-Myc, and GAPDH terminator, was cleaved out using 
BamHI from the vector. The fragment was inserted into BamHI site in yeast multi-copy 
vector pY0325 (Qadota et al., Yeast, Vol.8, 735 (1992)) containing LUE2 marker, thereby 
constructing AtFX gene expression vector pYO-AtFX-Myc. 

MUR1 gene was also cloned by PCR in the manner similar to Example 1 except that 
PCR primers used herein have the following nucleotide sequences. 
Forward primer: 

5-GTCGAATTCATGGCGTCAGAGAACAAC-3* (SEQ ID NO: 5) 
Reverse primer: 

5 , -GAACTCGAGAGGTTGCTGCTTAGCATC-3 l (SEQ ID NO: 6) 
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Next, MUR1 gene was inserted into EcoRJ site in YEp352GAP vector (Roy et al., J. 
Biol. Chem., Vol.273, 2583 (1998)), and then 3xHA labeled antigen gene was inserted 
in-frame into PvuII site to construct MUR1 gene expression vector YEp-MURl-HA. 

These expression vectors were separately, or together, transformed into yeast strain 
W303-1A (ura3, lue2, his3, trpl, ade2) (Kainuma et al., Glycobiology, Vol.9, 133 (1999) to 
obtainie strain W303/pYO-AtFX-Myc which contains pYO-AtFX-Myc only, strain 
W303/YEp-MURl-HA which contains YEp-MUR 1 -HA only, and strain 
W303/YEp-MURl-HA, pYO-AtFX-Myc which contains both pYO-AtFX-Myc and 
YEp-MUR 1 -HA. 

Example 3 

Expression of MUR1 protein and AtFX protein within yeast 

Whether the proteins were expressed in each cell of the transformants obtained in 
Example 2 was confirmed by Western blotting. 

First, the above transformants (strain W303ATEp-MURl-HA, strain 
W303/pYO-AtFX-Myc, and strain W303/YEp-MURl-HA, pYO-AtFX-Myc) and strain 
W303 were separately cultured on SD media at 30°C for 24 hours, and then the obtained 
yeast cells were disrupted with glass beads. The disrupted products were centrifuged 
(100,000 x g, 4°C, 60 min) to separate only a cytoplasm fraction, so that only a protein 
fraction was precipitated using 75% ammonium sulfate. The protein precipitation fraction 
was dissolved in 20mM Tris-HCl (pH 7.5) containing 0.5 mM DTT, and desalted with 
Sephadex G50 (Pharmacia, 20mM Tris-HCl containing 0.5mM DTT, pH7.5, 1.3 cm x 2.6 cm) 
to obtaine enzyme solutions. The proteins in the enzyme solutions were determined using 
BCA kit (RIERCE). The enzyme solutions, each corresponding to 100 ^ig of protein, were 
sampled separately, subjected to SDS-PAGE, and electrically transferred to PVDF membranes. 
Subsequently, expression of each protein was confirmed using HA antibody or Myc antibody 
(Fig. 2). 

As a result, expression of MUR1 protein was confirmed in strain 
W303/YEp-MURl-HA and strain W303/YEp-MURl-HA, pYO-AtFX-Myc; and expression 
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of AtFX protein was confirmed in strain W303/pYO-AtFX-Myc and strain 
W303/YEp-MURl-HA, pYO-AtFX-Myc. 

Example 4 

Measurement of GDP-L-fucose synthetic activity 

Using GDP-D-mannose as a substrate and 50mM NADPH as a cofactor, 
GDP-L-fucose synthetic activity was measured for each enzyme solution prepared in 
Example 3. First, 50 nmol of GDP-D-mannose was added to 50 jal of a buffer (lOmM 
Tris-HCl, pH7.5, lOmM EDTA) containing 50 mM NADPH. Then, the enzyme solutions, 
each corresponding to 700 jag of the protein, were added to the solution, and then incubated at 
37°C for 1 hour. Next, the reaction solutions were boiled at 100°C for 3 min, and then the 
denatured protein precipitated was removed by centrifugation at 1 0,000 rpm for 5 min. The 
supernatant with a molecular weight of 10,000 or more was removed using Ultrafree (0.20 
jim), and then GDP-L-fucose and GDP-D-mannose were measured by HPLC. HPLC was 
performed using CI 8 column (wakosil 5C 18-200, Wako Pure Chemical Industries, 0.46 cm in 
diameter x 25 cm in length) by running 0.5 M KH 2 P0 4 aqueous solution through the column 
at 1 ml/min for separation. 

As a result, GDP-L-fucose synthetic activity was detected only for strain 
W303/YEp-MURl-HA, pYO-AtFX-Myc co-expressing MUR1 protein and AtFX protein 
(Fig. 3). No activity was shown by the strain expressing MUR1 protein only, suggesting that 
activity is not maintained for a single expression in yeast. Therefore, when GDP-L-fucose is 
synthesized, AtFX protein was shown not only to produce GDP-L-fucose after a first reaction 
step by MUR1 protein, but also to have an action to stabilize the active form of MUR1 
protein. 

All publications, patents and patent applications cited herein are incorporated herein 
by reference in their entirety. 



INDUSTRIAL APPLICABILITY 

The present invention enables efficient mass production of GDP-L fucose which is 
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essential to perform the addition of fucose, which has a very important function in sugar 
chains. At present, a technique to uniformly synthesize the sugar chain of glycoprotein has 
not been established. A possible technique is to synthesize uniform sugar chains by 
modifying in vitro sugar chains, and for which a sugar nucleotide is essential as a sugar donor. 
In particular, GDP-L-fucose is prohibitively expensive among fucose, and therefore it is 
impractical to perform in vitro modification reaction in large quantities. However, if the 
present invention enables the supply of GDP-L-fucose in large quantities, high-performance 
sugar chains with fucose added thereto can be synthesized in vitro. 



